Introduction {#s0005}
============

Accumulated genetic aberrations in cancer cells, including mutated driver oncogenes and tumor suppressor genes, are major causes of the malignant phenotype. There is a growing body of evidence to suggest that the acquisition of these alterations also creates novel functional dependencies ("synthetic lethalities", "oncogene addiction") that do not exist in normal tissues, providing tumor-specific therapeutic windows. Systematic genomic analyses can sometimes identify alterations that account for such oncogene addiction. However, functional studies are often required to identify non-mutated genes that are involved in synthetic lethal relationships.

In lung adenocarcinoma, mutations involving genes such as *EGFR* and *EML4-ALK* are known to be clinically actionable, and targeted therapies against these genes leads to dramatic clinical benefit [@b0005], [@b0010]. Despite identification of other putative oncogene addiction relationships via sequencing and copy number profiling, ∼70% of NSCLCs do not harbor a mutation that is currently actionable in the clinic [@b0015], [@b0020]. This results in the urgent need to discover acquired vulnerabilities which may be tractable from a pharmaceutical standpoint, in order to improve treatment outcomes for this disease.

Loss-of-function studies using pooled short hairpin RNA, and more recently, CRISPR-Cas9 screening is a powerful method by which new cancer targets can be identified. Large-scale screens using cohorts of human cancer cell lines have identified context-specific essential genes, including *NKX2-1* in lung cancer [@b0025], [@b0030], [@b0035], [@b0040], [@b0045], [@b0050]. Other studies identified functional dependencies and/or drug sensitivities that would have remained masked without functional interrogation of specific pathways [@b0055], [@b0060], [@b0065]. Most of these types of studies are conducted in 2D tissue culture, which has advantages of both scale and versatility, but also restricts the interrogation space to cell autonomous phenomena that are apparent under the relatively low selection pressure of nutrient- and oxygen-rich tissue culture conditions. By contrast, *in vivo* screens can expand this space to include pathways that are active in low-nutrient, low-oxygen environments, and/or interactions with the tumor microenvironment. Recent reports of adapting these negative selection screens to *in vivo* settings have demonstrated their utility in identifying new context-specific vulnerabilities [@b0070], [@b0075], [@b0080], [@b0085].

Nuclear hormone receptors (NHRs) comprise a superfamily of ligand-dependent transcription factors that respond to a variety of endocrine cues in order to regulate diverse cellular processes [@b0090]. Their function is highly dependent on the activity of associated co-regulators, which include co-activators that cooperate with agonist-bound receptors to induce gene expression, and co-repressors which interact with antagonist-bound or unliganded receptors to repress gene expression [@b0095], [@b0100]. NHRs and their co-regulators are aberrantly regulated in many tumor types, the most well-known examples being estrogen receptors (ER) in estrogen-dependent breast cancers and androgen receptors (AR) in androgen-dependent prostate cancers. However, it is possible they could be dysregulated in other cancers as well. In fact, a large percentage of drugs currently approved by the FDA target nuclear hormone receptors, making these proteins attractive targets to explore for new cancer therapeutics [@b9000].

We have previously shown that NHRs have variable expression in lung tumors, including differences between tumor and normal lung tissues, and that the NHR expression patterns in NSCLC provided information on patient survival after surgical resection [@b0105]. This prompted us to interrogate NHR and co-regulator gene sets for their roles in lung tumorigenesis. To start this effort, we used an NHR/CoReg mini-library of shRNAs to perform a parallel *in vitro* and *in vivo* drop out screen in a genomically well characterized lung adenocarcinoma line (NCI-H1819). By using both *in vitro* and *in vivo* selection in parallel, we aimed to discover novel tumor vulnerabilities that were not previously identified by standard 2D tissue culture screening methods. We found nine genes whose shRNA dropout occurred *in vivo* but not *in vitro*, including *FOXA1*. We go on to show that the *FOXA1* gene is required for growth in lung adenocarcinoma cells harboring amplification on chromosome 14q, while expression and cistromic analyses revealed that co-amplification of FOXA1 with NKX2-1 drives a neomorphic transcriptional program in the 14q-amplified context which supports malignant growth.

Methods {#s0010}
=======

Short hairpin library targeting NHRs and co-regulators {#s0015}
------------------------------------------------------

Mini-library screens were performed using a custom shRNA library (human MISSION lentiviral shRNA library, Sigma), originally developed by The RNAi Consortium (TRC) and based in the pLKO1 vector. A lentiviral shRNA mini-library comprised of both TRC1 and TRC2 vectors targeting 40 nuclear hormone receptors, 72 co-regulators and associated transcription factor genes, and several control genes was selected (142 genes, 1062 shRNAs total). The arrayed glycerol stocks and pooled, high titer virus for the mini-library was obtained commercially (Sigma). A list of genes included in the library and number of shRNA clones per gene is included in [Supplementary Table 1](#s0160){ref-type="sec"}.

Parallel *in vitro* and *in vivo* mini-library screen {#s0020}
-----------------------------------------------------

NCI-H1819 cells (2.3 × 10^6^) were infected with the library pool at low MOI (≤0.5), in the presence of 4.0 µg/mL polybrene (3 replicates). Average library coverage was estimated to be ∼800x across replicates. Transduced cells were selected in 1.0 µg/mL puromycin for four days, and then expanded for ∼3--4 population doublings (PDs). At this point a reference sample was collected (*t* = 0), and the remaining cells were either seeded into T175 flasks (1.5 × 10^6^ cells per replicate) or resuspended in PBS and injected subcutaneously into female NOD-SCID mice (5 × 10^6^ cells per injection). Cells maintained *in vitro* were cultured for 20 population doublings, and reference samples were harvested at incremental population doubling points (*T* = 2, *T* = 3), until PD20 (*T* = 4). Tumors were allowed to grow to a minimum volume of 300 mm^3^ before harvesting.

Preparation of TRC shRNAs for sequencing {#s0025}
----------------------------------------

Genomic DNA was extracted from cell pellets and tumors via PureGene Genomic DNA Purification Kit (Gentra). Short hairpins were PCR-amplified from gDNA using a common reverse primer and indexed forward primers, each containing the appropriate Illumina adapter sequences. The analysis described in this study used primers which amplified TRC1 shRNAs. To adequately cover the library, ∼6 µg gDNA from each sample were used as input into each PCR and spread across multiple 50 µL reactions (∼0.5 µg template/reaction). PCR reaction conditions were as follows: hot-start for 95 °C for 15 min, then 94 °C for 30 s, 66 °C for 45 sec, 72 °C for 60 s, repeat for 33 cycles, and a final extension at 72 °C for 5 min. PCR products were concentrated and gel purified, quantified by Picogreen assay, and sequenced on an Illumina HiSeq 2500 using a custom primer. Sequences for all primers are listed in [Supplementary Table 2](#s0160){ref-type="sec"}.

Analysis of shRNA abundance {#s0030}
---------------------------

Sequencing reads were mapped back to the shRNA library using Bowtie 2.0 via a local installation of Galaxy [@b0110], [@b0115], [@b0120]. Short hairpins which were not detected in all three replicates at *T* = 0 were filtered out of all analyses. Relative abundance of each shRNA was calculated as a percentage of total mapped reads. Three different analyses were then calculated: log~2~ fold change in shRNA abundance at *T* = 4 vs. *T* = 0 (log~2~ T4/T0), tumors vs. *T* = 0 (log~2~ tumors/T0), and tumors vs. *T* = 4 (log~2~ tumors/T4).

Scoring of candidate genes {#s0035}
--------------------------

To score candidate genes, log~2~ fold changes for each shRNA were converted to a ranked integer list and the cumulative distribution of all these values for all shRNAs against a particular gene was compared to the background distribution in a one-sided ranked Kolmogorov--Smirnov test. A ranked KS test allows for the preferential ranking of sets that are separated from the background at the tails of the distribution.

Cell culture {#s0040}
------------

All cell lines were obtained from Hamon Center libraries and detailed mutation (whole exome DNAseq) and mRNA expression (RNAseq) datasets for the lung cancer lines reported in this paper are available at dbGaP (Accession phs001823.v1.p1) at [https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs001823.v1.p1](https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi%3fstudy_id%3dphs001823.v1.p1){#ir005}.) Lung cancer cell lines were maintained in RPMI-1650 supplemented with 5% fetal bovine serum (Sigma) (R5 media) and passaged using standard trypsinization methods. Immortalized human bronchial epithelial cell strains (HBEC)s [@b0090] were maintained in KSFM supplemented with bovine pituitary extract and EGF (Life Technologies) and passaged using trypsin followed by an equal volume of Trypsin Neutralizing Solution (Lifeline Cell Technologies). Cell counts were performed on a Beckman Coulter Z2 Particle Count and Size Analyzer. Cell line identity was confirmed by DNA fingerprinting (PowerPlex 1.2 Kit, Promega) and mycoplasma-free status was verified by PCR (e-Myco Kit, Boca Scientific). All cell culture experiments were maintained in a humidified incubator at 37 °C, in 5% CO~2~.

Generation of stable cell lines {#s0045}
-------------------------------

Lentivirus for individual short hairpin constructs was prepared by transfection of 293 T cells with packaging plasmids (pCMV-dR8.91 and pMD2-VSV-G) and the shRNA construct of interest using FuGene transfection reagent (Promega). Virus was harvested in R5 media over the course of 3 days, pooled, and then filtered through a 0.45 µm filter prior to use. Cells were infected at MOI ≥1 (pLKO1 constructs) or MOI ∼0.5 (TRIPZ constructs) in the presence of 4 µg/mL polybrene, followed by selection in 1.0--2.0 µg/mL puromycin for at least 3 days. Growth assays, colony formation assays, and harvesting for molecular profiling were typically performed 1--2 weeks after initial infection. TRC1 pLKO1 shRNA constructs used for validation experiments were clones TRCN0000014879 (shFOXA1-1), TRCN0000014880 (shFOXA1-2), and TRCN0000014882 (shFOXA1-3), where TRCN0000014882 was the clone used in subsequent experiments. Doxycycline-inducible short hairpin RNA plasmids (TRIPZ Human FOXA1 shRNA) were purchased from Dharmacon (\#1: V2THS_16780, \#2: V2THS_16814, \#3: V3THS_414341). Short hairpin non-targeting control (shNTC)-TRIPZ plasmid was used as control.

Cell proliferation, clonogenicity, and drug response assays {#s0050}
-----------------------------------------------------------

For MTS cell proliferation assays, cells were seeded in 100 µL media at 1000--4000 cells/well in triplicate, in three 96-well plates. At the desired time points, 20 µL MTS reagent (Promega) was added to each well and the plates were incubated at 37 °C for 1--3 h. Absorbance readings were taken at Day 1 to assess for equal seeding density, and at Day 5 or Day 7 as an end point. Proliferation rate was estimated using the ratio of the test sample absorbance to control sample absorbance at the end time point. For clonogenicity assays using pLKO constructs, cells were plated at a density of 1000--2000 cells per well in 6-well dishes and allowed to incubate for 1--3 weeks before staining with crystal violet and counting colonies. For clonogenicity assays using dox-inducible TRIPZ-constructs, cells were serially diluted to appropriate concentrations and plated into 6-well plate (H1819:500 cells, H3132 and H1781:2000 cells/well) in triplicate allowed to attach for 24 h, and then 0.5 μg/mL of doxycycline was added every 48 h in DOX+ conditions. Drug response assays were performed as previously described [@b0125].

Mouse xenograft experiments {#s0055}
---------------------------

Cells were counted and resuspended in PBS at a concentration of 1 injection per 200 µL and transported to the mouse facility on ice. 1--10 × 10^6^ cells in 200 µL PBS were injected subcutaneously in the right flank of female NOD-SCID mice using 27-gauge needles and monitored for tumor formation for up to six months. All animal care was in accordance with institutional guidelines and approved IACUC protocols.

Quantitative RT-PCR {#s0060}
-------------------

Total RNA was isolated from cell pellets using the RNeasy Plus Mini Kit (QIAGEN), and cDNAs were generated using the iScript cDNA Synthesis Kit (Bio-Rad). Gene-specific TaqMan probes (Applied Biosystems) were utilized for quantitative analyses of mRNA transcript levels. Probes used in this study were: FOXA1 (Hs04187555_m1), GAPDH (Hs02758991_g1), IGFBP3 (Hs00365742_g1), THBS1 (Hs00962908_m1). The GAPDH gene was used as an internal reference to normalize input cDNA. PCR reactions were performed in triplicate, run on an ABI 7300 Real-time PCR System, and analyzed with the SDS software (Applied Biosystems). The delta-delta-CT method was used to calculate relative mRNA expression levels.

Western blotting {#s0065}
----------------

For pLKO-shRNA validation experiments in H1819, cell pellets were lysed in 0.1% SDS Lysis Buffer (50 mM NaCl; 1 mM EDTA; 2.5 mM Tris, pH 7.4; 0.1% SDS; 1.0% NP-40) and protein concentration was quantified using Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad). Proteins were separated by SDS-PAGE and electrotransferred to nitrocellulose membranes (Millipore). Membranes were blocked for 1 h at room temperature (RT) in a 5% milk in TBST (Tris Buffered Saline with 1% Tween-20). For profiling of baseline FOXA1 expression in cell line panels, cells were grown to ∼80% confluency and harvested in RIPA buffer with protease inhibitor cocktail and Phosphatase Inhibitor cocktail (Roche). For TRIPZ-shRNA validation experiments, cells were harvested in 4× Loading Buffer (250 mM Tris, pH 6.8; 8% SDS; 20% sucrose; 0.08 mg/mL bromophenol blue). Protein concentration for these experiments was then quantified by Pierce BCA protein assay (ThermoFisher). After SDS-PAGE, proteins were electrotransferred to nitrocellulose, and membranes were blocked in 5% BSA in TBST. Membranes were incubated with primary antibody overnight at 4 °C, and detected using horseradish peroxidase-conjugated secondary antibody followed by chemiluminescence. Primary antibodies used in this study are as follows: FOXA1 (Abcam, ab23738), E-cadherin (BD Biosciences, BD610181), vimentin (BD Biosciences, BD550513), GAPDH (GeneTex, GTX627408), and vinculin (Sigma V9131).

Copy number analyses {#s0070}
--------------------

To obtain copy number data on cell lines, genomic DNA was extracted using a DNeasy Blood and Tissue Kit (Qiagen) and quantified using UV spectroscopy. Whole-genome SNP array profiling of 75 NSCLC cell lines was performed at MD Anderson (J. Heymach) using the Illumina Human 1M-Duo DNA Analysis BeadChip (Illumina). Raw data was normalized using BeadStudio software, and Log R Ratios were then aggregated by gene using their mean values. The R package DNAcopy was used for segmentation into DNA regions of copy number alterations.

To obtain copy number data on primary lung adenocarcinomas in the MD Anderson Cancer Center "PROSPECT" NSCLC tumor panel (see below), snap-frozen tumor tissue was processed on a cryostat to generate multiple 5-micron thick shavings. Genomic DNA was extracted using the Qiagen QIAamp DNA Mini Kit (Qiagen) and quantified by Quant-iT PicoGreen dsDNA Assay kit (Life Technologies). Tumor DNA was labeled with Cy5 (red) and normal reference (Human Genomic DNA, Female, Promega, Inc., Cat \#G1521) was labeled with Cy3 (green). Labeled DNA was hybridized on Agilent Human Genome CGH Microarray 244A using the Oligonucleotide Array-Based CGH for Genomic DNA Analysis protocol (Agilent) and scanned on an Agilent G2505C scanner. Normalized and background-corrected intensities were used to calculate log~2~ ratios (Cy5/Cy3) of test/reference for each probe. The array CGH data has been publicly deposited in the GEO database as GSE74948.

Tumor cohorts {#s0075}
-------------

The [P]{.ul}rofiling of [R]{.ul}esistance patterns and [O]{.ul}ncogenic [S]{.ul}ignaling [P]{.ul}athways in [E]{.ul}valuation of [C]{.ul}ancers of the [T]{.ul}horax (PROSPECT) cohort, consists of surgically resected tumors with both neoadjuvant and adjuvant treatment, representing 183 lung adenocarcinomas and 80 squamous cell carcinomas with detailed clinical annotations on treatment history [@b0130]. Genome-wide Illumina Human WG-6V3 microarray expression profiles from this cohort were obtained as previously described [@b0130], and had been deposited in the GEO database as GSE42127. RNA-seq expression profiles for lung adenocarcinomas in The Cancer Genome Atlas (TCGA) cohort (*n* = 126 lung adenocarcinomas) were accessed from the publicly available database [@b0015].

Microarray and RNA-Seq analyses {#s0080}
-------------------------------

RNA for NSCLC cell lines analyzed by microarray was prepared using the RNeasy Mini Plus kit (QIAGEN). Microarray expression profiling on lung cancer cell lines was performed using Illumina HumanWG-6V3 Expression BeadChips (Illumina Inc., San Diego, CA). The data have been deposited as part of GEO dataset GSE32036. Bead-level data were obtained and pre-processed using the R package mbcb for background correction and probe summarization [@b0135]. Pre-processed data were then quantile-normalized and log-transformed. Class comparison was performed using MATRIX v1.508 software. Two-sample *t*-tests were used to assess statistical significance. Samples derived from squamous cell carcinomas and ASCL1-positive tumors were omitted from all NSCLC cell line expression analyses. Unsupervised clustering analyses across the panel were performed using a filtered gene list, obtained first by filtering out low expressing genes (median expression value of 5 or less), and then using the top 20% variant genes. Centered Pearson correlation was used with average linkage clustering to cluster the cell line panel by the remaining genes.

RNA for cell lines analyzed by RNA-seq were prepared using either the RNeasy Mini or RNeasy Mini Plus kits (QIAGEN). Samples prepared using the RNeasy Mini kit were additionally treated with Dnase I (Life Technologies) prior to library preparation. Sequencing libraries were prepared and sequenced on a HiSeq 2500 machine according to manufacturer's guidelines (Illumina). Reads were mapped to the human genome with Tophat [@b0140] and differentially expressed genes were identified using Cuffdiff [@b0145].

ChIP {#s0085}
----

Three or two 15 cm dishes of H1819 or H1781, respectively, were grown to 70--80% confluency prior to chromatin immunoprecipitation. Cross-linking was performed in 1% formaldehyde in RPMI for 10 min at room temperature, followed by reaction termination with 125 mM glycine for 5 min. Cells were harvested with a scraper in 5 mL ice-cold PBS supplemented with Complete Mini, EDTA-free Protease Inhibitor Cocktail (Roche), pelleted at 720*g* for 10 min at 4 °C. Cross-linked cells were resuspended in 1 mL sonication buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.1) and 4 °C with a Bioruptor (Diagenode) (30 s ON and 30 s OFF at highest power for 15 min). Insoluble debris was pelleted at 20,000*g* for 10 min, and supernatant was stored at −80 °C. GammaBind G Sepharose beads (GE Healthcare) were prepared in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 167 mM NaCl, 16.7 mM Tris-HCl, pH 8.1, plus protease inhibitors) and blocked in 50 mg/mL BSA (Ambion) for 1 h at 4 °C. Sheared chromatin was diluted 1:10 in ChIP dilution buffer and incubated with 100 µL blocked beads for 1 h at 4 °C for pre-clearing, and supernatant was then incubated with 5 µg FOXA1 antibody (Abcam, ab23738) overnight at 4 °C. After incubation, the chromatin/antibody mixture was incubated with 80 µL blocked beads for 1 h at 4 °C. Beads were then serially washed for 10 min at 4 °C in washing buffer 1 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, 150 mM NaCl, pH 8.1, plus protease inhibitors), washing buffer 2 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, 500 mM NaCl, pH 8.1, plus protease inhibitors), washing buffer 3 (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.1), and Tris-EDTA twice (10 mM Tris-HCl, 1 mM disodium EDTA, pH 8.0 -- Sigma-Aldrich). Chromatin-antibody complexes were eluted were eluted twice in 100 µL ChIP elution buffer (100 mM NaCO3, 1% SDS) for 15 min at 65 °C, adjusted to 200 mM NaCl, and incubated overnight at 65 °C. Following RNase and proteinase K treatment, ChIPed DNA was purified using a PCR purification kit (Qiagen) and eluted in 30 × 2 µL EB using a Min-Elute column. Libraries were then prepared using a TruSeq ChIP Sample Prep Kit (Illumina) and sequenced according to manufacturer's guidelines (Illumina).

Chip-Seq read alignment and peak calling {#s0090}
----------------------------------------

Reads were aligned to human reference genome (hg19) using bowtie2 (v.2.1.0) [@b0150]. A maximum of two mismatches were allowed during the read alignment. Low-quality reads and duplicate reads were removed from aligned files using "samtools view-bh-F 0 × 04 -q 10" (v1.3) [@b0155] and "Picard MarkDuplicates.jar" (v. 1.131) commands (<http://broadinstitute.github.io/picard>). Chip-seq signal enriched regions were identified using the "findPeaks" module available in HOMER software (v.4.7) [@b0160].

Motif discovery and motif enrichment analysis {#s0095}
---------------------------------------------

*De novo* motif discovery was performed using the "findMotifsGenome" module available in HOMER software (v.4.7) [@b0160]. We used 200 bp around the peak summit to identify primary binding motif and other potential DNA-binding co-factor motifs. We analyzed the enrichment of known transcription factor motifs in JASPAR by determining the frequency of known motifs in TF bound regions and in 100,000 random sets of the same sample size by using Motif Scanner [@b0165]. The background model selected for this study is the 3rd-order Markov model designed using the human promoter sequences in eukaryotic promoter databases (EPD) [@b0165]. The motif enrichment score was calculated as the ratio of the motif frequency in TF binding region set and the mean motif frequency in 100,000 random sets. The *Z* value and statistical significance (*p*-value) of the enrichment score was calculated based on the variance and the mean obtained from the 100,000 random simulations.

FOXA1-bound regions were identified as genomic regions with a significant read enrichment and binding peak profile in the FOXA1 reads over the input reads by using the Model-based Analysis of ChIP-Seq (MACS) software tool (v.1.4.2) [@b0120]. Using an in-house script, all genes whose transcription start sites (TSSs) were within ±10 kb distance with respect to peak summit were called as target genes. If no gene was identified with in ±10 kb distance, the nearest gene was considered as the putative target. De novo motif discovery analysis for shared FOXA1-bound regions was performed with the Hypergeometric Optimization of Motif EnRichment (HOMER) software tool [@b0160].

For analyses of publicly available FOXA1 and NKX2-1 ChIP-Seq data, GEO dataset GSE39998 was downloaded from the GEO database, and dataset SRP045118 was downloaded from the NCBI Sequence Read Archive. All datasets were processed as described above.

Immunohistochemistry {#s0100}
--------------------

We determined the FOXA1 expression of 217 formalin-fixed paraffin embedded (FFPE) surgical resected primary non-small cell lung carcinoma (NSCLC) placed in tissue microarrays (TMAs). All lung cancer tissues were evaluated and underwent surgical resection at The University of Texas MD Anderson Cancer Center. Informed consent was obtained from all patients under a protocol approved by the Institutional Review Board (IRB).

The slides were stained with FOXA1 antibody (Abcam, ab23738) in a Leica Bond Max automated stainer (Leica Biosystems, Nussloch, GmbH). The tissue sections were deparaffinized and rehydrated following the Leica Bond protocol. Antigen retrieval was performed with Bond Solution \#1 (Leica Biosystems, equivalent to citrate buffer pH 6.0) for 20 min; the primary antibody dilution employed was 1:500 for 20 min at room temperature. The primary antibody was detected using the Bond Polymer Refine kit (Leica Biosystems) with diaminobenzidine (DAB) as chromogen. The slides were counterstained with hematoxylin, dehydrated and coverslipped.

Immunohistochemical (IHC) staining for FOXA1 was performed on TMA samples as follows: 5 µm-thick formalin-fixed, paraffin-embedded tissue sections were deparaffined, hydrated, heated in a Biocare decloaker for 30 min pretreated with Target Retrieval Solution (Dako), and washed in Tris buffer. Peroxide blocking was performed with 3% H~2~O~2~ in methanol at room temperature for 15 min, followed by 35 min incubations in Tris-buffered saline containing 15% FBS. Slides were incubated with the primary antibody against FOXA1 (Abcam, ab23738, 1:500) at room temperature for 65 min, washed with Tris-buffered saline, followed by incubation with Envision Dual Link + Polymer-Labeled System (Dako) for 30 min. Staining was developed with chromogen substrate (Dako) for 5 min and then counterstained with hematoxylin, dehydrated, and mounted. FOXA1 expression was quantitated using a four-value intensity score (0, 1, 2, and 3) and the percent of IHC+ tumor cells (0--100%). An H-score was calculated by adding the product of the percentage cells stained at a given staining intensity (0--100) and the staining intensity (0--3), as previously described [@b0170].

Results {#s0105}
=======

Parallel *in vitro* and *in vivo* NHR and coregulator screen {#s0110}
------------------------------------------------------------

In order to investigate the role of hormone receptor pathways in lung tumorigenesis, we assembled a mini-library of 1062 shRNAs against 40 hormone receptors and 72 co-regulators (125 genes targeted, including negative and positive controls), with an average coverage of ∼7.4 shRNAs/gene (gene list provided in [Supplementary Table 1](#s0160){ref-type="sec"}). A well-known limitation of xenograft experiments is the unknown tumor-initiating capacity of individual cell lines. The lung adenocarcinoma cell line H1819 was chosen for this study because it harbors a large (38%) ALDH-positive cell subpopulation, a marker we have previously shown to correlate with tumor-initiating capacity [@b0175], [@b0180]. Since ALDH-positive subpopulations in NSCLC cell lines are enriched for cells capable of tumor-initiation, we reasoned that cell lines with a large ALDH-positive population would be able to maintain representation of the library during xenograft growth *in vivo*, due to high engraftment efficiency*.* H1819 cells were transduced with the shRNA lentiviral library pool in triplicate biological replicates, followed by puromycin selection for cells with stably integrated shRNA ([Fig. 1](#f0005){ref-type="fig"}A). Cell counts of the replicate infected flasks were then compared with a non-infected flask seeded at the same time, confirming an infection efficiency of ∼30%, and an average library coverage of ∼863-fold. After a brief period of expansion, reference samples were collected for each replicate, and then the remaining cells in each replicate were split between either continued *in vitro* culture or subcutaneous injection into two NOD-SCID mice for each biological replicate. In order to maintain a high level of library representation in the tumors, 5 million cells were injected per mouse. For continued *in vitro* culture, cells were passaged for a total of ∼20 population doublings with reference samples collected at various time points, while tumors were allowed to reach a volume of ∼300 mm^3^ before harvesting. Tumors from the two mice in the third biological replicate were disparate in their growth rates, and thus were excluded from further downstream analysis, leaving tumors from four mice in the dropout analysis ([Supplementary Fig. 1](#s0160){ref-type="sec"}). Genomic DNA was harvested from the first reference time point (*T* = 0), PD20 time point (*T* = 4) and tumors. Short hairpin sequences were then amplified by PCR and quantified by deep sequencing.Fig. 1Overview of the parallel *in vitro* and *in vivo* screening strategy. (A) Experimental outline. H1819 cells were infected with a pooled shRNA library against nuclear hormone receptors and coregulators at low MOI, in three biological replicates. After puromycin selection and expansion, a reference sample was collected (*t* = 0), and the remaining cells were split into parallel *in vitro* and *in vivo* assays. Three biological replicates were maintained for *in vitro* samples. Two of these biological replicates were carried forward *in vivo,* using two mice for each technical replicate. Cells maintained *in vitro* were cultured for 20 population doublings, at which time a final reference sample was collected (*t* = 4; PD20). Cells in the *in vivo* arm were injected subcutaneously into NOD-SCID mice, and tumors were harvested after surpassing a minimum volume of 300 mm^3^. Short hairpins were PCR-amplified from gDNA and quantified by massively parallel sequencing. (B) Pearson correlation matrix of shRNA abundance detected in each time point sampled, demonstrating good correlation between experimental replicates. (C) Comparison of log~2~ fold changes observed between *in vitro* replicates and tumors. Plots of log~2~ fold changes in the *in vitro* screen (left) and log~2~ fold changes in the *in vivo* screen (right) confirm good correlation between experimental replicates.

The PCR primers used in this study detected \>97% of TRC1 library constructs in all three *T* = 0 reference replicates ([Supplementary Table 2](#s0160){ref-type="sec"}), and \>94% of these constructs were detected at all later time points, confirming good library representation throughout the screen. Subsequent analyses were restricted only to shRNAs detected in all three replicates at *T* = 0. Relative abundance of each shRNA was calculated as a percentage of total mapped reads ([Supplementary Table 3](#s0160){ref-type="sec"}). The abundance of individual shRNAs correlated very well across *in vitro* replicates ([Fig. 1](#f0005){ref-type="fig"}B). ShRNAs in tumors from the same replicate infection also showed a higher correlation than tumors from different replicates, however Spearman correlation coefficients for all replicates were still above 0.6. Thus, these data confirmed good reproducibility among our screening replicates.

Identification of candidate genes {#s0115}
---------------------------------

To assess the ability of our screen to detect biologically meaningful relationships, two initial analyses were calculated from the relative shRNA abundance: log~2~ fold change in shRNA abundance *in vitro* at PD 20 vs. *T* = 0 (log~2~ T4/T0), and *in vivo* in tumors vs. *T* = 0 (log~2~ tumors/T0). Fold changes between replicates correlated well ([Fig. 1](#f0005){ref-type="fig"}C). We then assessed the performance of several shRNAs which were included as either positive or negative controls. For positive controls, we included 3 shRNAs against *UBB* and 4 against *UBC*, as these are known to be essential genes and would be expected to lead to drop out early on in the screen. We also included shRNAs against *ALDH1A3*, as prior work from our lab has established that knockdown of this gene should eliminate *in vivo* clonogenicity of ALDH-positive cell lines, such as H1819 \[35,36\]. For negative controls, we included three independent shRNAs which should have had no available target in a human cell line: one non-targeting scrambled control, one shRNA targeting non-mammalian genes, and one against *GFP*. As expected, we observed that in the *in vitro* screen, the abundance of shRNAs targeting *UBB, UBC*, and *ALDH1A3* were significantly depleted compared to the negative control shRNA set by t-test (*p* = 0.0443, 0.014, and 0.0261, respectively; [Supplementary Fig. 2](#s0160){ref-type="sec"}). Notably, shRNAs against some of the target genes in the library can also be used as controls. For example, *CCND1* is classified as acommonly essential gene in Project DRIVE (depmap.org), and also showed significant depletion in the *in vitro* screen. Conversely, since H1819 harbors an inactivating mutation in *SMARCA4* and does not express any of the protein, shRNAs against this gene would be expected to have no effect. Consistent with this, there was no significant difference between the abundance of these shRNAs compared to negative controls in the *in vitro* assay ([Supplementary Fig. 2](#s0160){ref-type="sec"}D).

A direct comparison of log~2~ fold changes *in vitro* vs *in vivo* shows that most shRNAs behaved similarly in both conditions, but that a small subset of shRNAs were only depleted *in vivo* ([Fig. 2](#f0010){ref-type="fig"}A, lower right quadrant). In order to score hits from the two screens, we compared the distribution of log~2~ values for all shRNAs against each gene to all other shRNAs in each dataset. For the *in vitro* screen, the log~2~ T4/T0 values for shRNA abundance were used. For the *in vivo* screen, we calculated a log~2~ tumor/T4 value, which compares the abundance in the tumor to the last *in vitro* time point. Using these values, we performed a KS-test for each gene in each dataset to identify statistically significant drop-outs (*p* \< 0.05). This approach identified 21 genes as being required for *in vitro* growth, and 9 genes required specifically for *in vivo* growth: *NCOR2, FOXA1, HDAC1*, *RXRA*, *RORB*, *RARB*, *MTA2*, *ETV4*, and *NR1H2* ([Fig. 2](#f0010){ref-type="fig"}; [Supplementary Fig. 3](#s0160){ref-type="sec"}; [Supplementary Table 4](#s0160){ref-type="sec"}). Comparison of our data with Project Achilles data (CRISPR) available in DepMap revealed that many of the genes identified as required for *in vitro* growth were generally pan-essential across multiple tissue types, while genes identified as required for *in vivo* growth exhibited more selective toxicity [@b0185], [@b0190] ([Supplementary Fig. 4](#s0160){ref-type="sec"}). These observations confirm the utility of our combined *in vitro/in vivo* method in reliably identifying genes required for cancer cell survival.Fig. 2Identification of genes essential for *in vivo* tumorigenesis. (A) Comparison of shRNA abundance in the *in vitro* screen vs the *in vivo* screen. ShRNAs that were depleted *in vivo* but not *in vitro* are in the lower right quadrant. (B) Ranked plot of −log~10~*p*-values from a one-sided KS-test for each gene, comparing the distribution of log~2~ tumor/T4 fold changes in shRNAs against the gene to shRNAs of all other genes. Significance threshold (*p* ≤ 0.05; −log10 *p* ≥ 1.3) is indicated by a red dotted line. (C) Comparison of −log~10~*p*-values from KS-test for each gene in the *in vitro* screen (log~2~ T4/T0) vs the *in vivo* screen (log~2~ tumor/T4). Significance thresholds are indicated by red dotted lines (*p* ≤ 0.05; −log~10~*p* ≥ 1.3). Genes which scored as significantly depleted *in vivo* but not *in vitro* are represented in the upper left quadrant. (D) Cumulative distribution plots for the 9 screening hits which were significantly depleted *in vivo* but not *in vitro.* Left, *in vivo* plots; right, *in vitro* plots. The distribution of log~2~ fold changes of all shRNAs for that gene (red) are compared to the distribution of log~2~ fold changes of all other shRNAs. KS-test *p*-values are shown above each plot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Selection of candidate genes for follow-up {#s0120}
------------------------------------------

None of the *in vitro* or *in vivo* candidate genes have been identified as frequently mutated in lung cancer (3). Analysis of high resolution SNP array profiling across a panel of NSCLC cell lines (*N* = 63) revealed that for six of the candidate genes, there was at least one cell line with copy number variation (CNV) \>6 ([Supplementary Fig. 5](#s0160){ref-type="sec"}). Of these genes, only one was a candidate *in vivo* essential gene: *FOXA1*. Expanding the SNP analysis to include primary lung adenocarcinomas from TCGA (*N* = 514) confirmed that amplification is also present in a subset of NSCLC tumors ([Fig. 3](#f0015){ref-type="fig"}). Notably, the *FOXA1* locus is located on 14q21.1, ∼1 Mb downstream from *NKX2-1* on 14q13.3. *NKX2-1* is a known lineage-specific oncogene in lung cancer, and focal amplification peaking at the 14q13.3 band is one of the most frequently recurring genomic events observed in lung adenocarcinomas [@b0015], [@b0195], [@b0200]. In cell lines and tumors with amplification of *NKX2-1* of 4 or more copies, the amplicon extends to the *FOXA1* locus in 89% (8/9 cell lines) and 79% of TCGA cases (27/34 tumor samples), respectively ([Fig. 3](#f0015){ref-type="fig"}A). Amplification of *NKX2-1* is observed in ∼12% of all lung adenocarcinoma patients [@b0160], [@b0165], [@b0170], [@b0175], thus a *NKX2-1:FOXA1* co-amplification frequency of 79--89% in this cohort would represent ∼9--11% of affected lung adenocarcinomas overall. This is consistent with previously reported analyses of TCGA data [@b0205]. SNP array-derived copy number correlated well with FOXA1 mRNA expression levels in both cell lines and tumors ([Fig. 3](#f0015){ref-type="fig"}B,D). Comparison of FOXA1 mRNA expression in malignant versus non-malignant tissues also revealed that FOXA1 is more highly expressed in tumor cells compared to normal tissues ([Fig. 3](#f0015){ref-type="fig"}C). We also confirmed that FOXA1 protein expression is correlated with gene amplification in cell lines and by immunohistochemical analyses in primary lung adenocarcinomas ([Fig. 3](#f0015){ref-type="fig"}E--G). Thus, lung adenocarcinomas harboring 14q amplification exhibit high expression levels of FOXA1, and overall expression of FOXA1 is higher in tumors than in normal tissues. Taken together, these observations are consistent with a possible oncogenic role for FOXA1, thus it was prioritized for follow-up studies.Fig. 3FOXA1 is amplified and overexpressed in NSCLCs. (A) FOXA1 is frequently co-amplified with NKX2-1 in NSCLC tumors. Segmented copy number profiles of the genomic region that includes *NKX2-1* and *FOXA1*, from SNP array datasets on primary lung adenocarcinomas from TCGA (left), and on NSCLC cell lines (right). Samples with ≥4 copies of NKX2-1 are shown in rank order of NKX2-1 amplification from left to right, with corresponding chromosome band regions indicated on the left. (B) Scatter plots comparing FOXA1 copy number with FOXA1 mRNA expression level in cell lines (top), and tumors (bottom). (C) Average FOXA1 expression levels in cell lines compared to HBEC and HSAEC cell lines (top), and in primary tumors compared to normal tissues (bottom). (D) FOXA1 mRNA levels measured by Q-RTPCR in a panel of NSCLC cell lines. RQ = relative quantification, normalized to GAPDH and calculated from three technical replicates. Error bars indicate the upper and lower limits of the RQ value. Copy number for *NKX2-1* and *FOXA1* are indicated on the bottom. Inset: Scatter plot comparing copy number levels in NSCLC cell lines with mRNA levels. (E) FOXA1 protein expression levels in a panel of cell lines, with copy number indicated on the bottom. (F) Representative images of lung adenocarcinomas from the PROSPECT tumor array harboring 14q-ampflication and high FOXA1 expression (top), or no amplification and low expression (bottom). (G) Scatter plot comparing FOXA1 copy number (aCGH) with quantified IHC staining for FOXA1 on PROSPECT tumor array specimens.

Validation of *FOXA1* as an essential gene for *in vivo* growth {#s0125}
---------------------------------------------------------------

In order to validate FOXA1 as required specifically *in vivo,* we tested three different shRNAs from the library for their ability to knockdown FOXA1 in H1819. All three shRNAs reduced FOXA1 mRNA levels, and fold mRNA reduction correlated with fold depletion observed in the screen ([Supplementary Fig. 6](#s0160){ref-type="sec"}A,B). This direct functional link between expression of the shRNA target and phenotype suggests that the shRNA effects are \"on target\". Reduction in FOXA1 protein levels was confirmed using the shRNA which produced the highest levels of knockdown ([Supplementary Fig. 6](#s0160){ref-type="sec"}C), and this shRNA was used for all subsequent experiments. We also used two other dox-inducible shRNAs against FOXA1 based in the TRIPZ vector to confirm the identity of the FOXA1 band ([Supplementary Fig. 6](#s0160){ref-type="sec"}D). Knockdown of FOXA1 had a moderate effect (∼20--25% decrease) on *in vitro* proliferation as measured by the 5 day mass culture 96 well MTS assay ([Fig. 4](#f0020){ref-type="fig"}A,B). However, a much more striking reduction (∼4--5 fold decrease) in tumor cell clonogenicity was observed when cells were plated at low density ([Fig. 4](#f0020){ref-type="fig"}C). Of greatest biologic importance, depletion of FOXA1 essentially abolished the ability of H1819 cells to form tumors in mice ([Fig. 4](#f0020){ref-type="fig"}D,E). In fact, tumors which did grow out from injection of H1819-shFOXA1 cells arose from tumor cells that escaped FOXA1 inhibition and re-established FOXA1 expression levels comparable to those in H1819 tumors with non-targeting control (shNTC) ([Fig. 4](#f0020){ref-type="fig"}F). As a biologic control, knockdown of FOXA1 in H1299, a NSCLC line with detectable, but very low levels of FOXA1 protein expression ([Fig. 3](#f0015){ref-type="fig"}E), did not exhibit a change *in vivo* growth rate, despite maintenance of suppressed FOXA1 levels *in vivo* ([Fig. 4](#f0020){ref-type="fig"}G--I). These results show that only some NSCLCs are dependent on FOXA1 for survival, and also supports an "on target" effect for growth inhibition by the shRNA.Fig. 4Knockdown of FOXA1 reduces clonogenicity and xenograft growth in H1819 but not in H1299. (A) QPCR for FOXA1 mRNA with shFOXA1. RQ = relative quantification, normalized to GAPDH and calculated from three technical replicates. Error bars indicate upper and lower limits of the RQ value. (B) Proliferation over 5 days as measured by MTS. RP = relative proliferation, calculated from at least three technical replicates. Error bars indicate standard deviations. Statistical significance was determined by unpaired *t*-test (*p* \< 0.001). (C) 2D colony formation assay. RC = relative clonogenicity, calculated from three technical replicates. Error bars indicate standard deviations. Statistical significance was determined by unpaired *t*-test (*p* \< 0.001). (D) Growth curves for H1819 xenografts in two separate experiments (blue and green, respectively). 10 million cells were injected subcutaneously into female NOD-SCID mice. Number of replicates are indicated in the legend. (E) Tumor weights after a minimum of 50 days growth *in vivo.* Error bars indicate standard deviations. Statistical significance was determined by unpaired *t*-test (*p* = 0.002). (F) QPCR results for FOXA1 in H1819 xenograft tumors which grew out (harvested at 50 days or greater). (G) Growth rate of H1299 xenograft tumors from subcutaneous injections of 5 × 10^6^ cells with either non-targeting shRNA (shNTC) or shFOXA1. Number of replicates are indicated in the legend. Error bars indicate standard deviations. (H) Tumor weights after a minimum of 30 days growth *in vivo.* Error bars indicate standard deviations. Statistical significance was determined by unpaired *t*-test; ns = not significant. (I) QPCR for FOXA1 mRNA in H1299 xenograft tumors. Statistical significance was determined by unpaired *t*-test (*p* \< 0.0074). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

In order to further confirm an on-target effect for the pLKO-based shRNAs we used in the screen, we tested three additional shRNAs against FOXA1 from the TRIPZ dox-inducible vector system in three FOXA1-amplified cell lines: H3122, H1781, and H1819. These shRNA clones exhibited varying levels of knockdown efficiency across this panel of cell lines, however we confirmed that each shRNA was able to reduce FOXA1 protein levels in at least one cell line ([Supplementary Fig. 7](#s0160){ref-type="sec"}). Consistent with our prior observations using the pLKO vector system, induction of the shFOXA1 constructs resulted in decreased expression of the middle band on western blots, confirming our assignment of this band to FOXA1.

We then took two of the TRIPZ-shFOXA1 constructs and performed colony formation assays in three FOXA1-amplified lines (H3122, H1781, and H1819) and one NSCLC line expressing trace amounts of FOXA1 (H1299). Clonogenicity of the FOXA1-amplified lines was reduced after treatment with dox, while clonogenicity of H1299 was not affected ([Supplementary Figs. 7, 8](#s0160){ref-type="sec"}). These results confirm that the same FOXA1-dependencies are observed with multiple different shRNAs. When taken together with the observation that only some NSCLCs are dependent on FOXA1 for survival, these data support an "on target" effect for growth inhibition by the shRNAs against FOXA1.

FOXA1 is required for clonogenicity in cell lines with amplification on 14q {#s0130}
---------------------------------------------------------------------------

To determine whether amplification and/or expression of *FOXA1* could serve as biomarkers for dependence on FOXA1, we tested a panel of NSCLC cell lines representing a range of *FOXA1* copy number and expression levels for clonal growth dependency on FOXA1. FOXA1 expression was reduced using the pLKO1-based shRNA construct with the highest level of knockdown, as described above. When tested against a panel of NSCLCs, shRNA-mediated knockdown of FOXA1 in some cases inhibited bulk cell proliferation, however, this knockdown significantly reduced clonogenicity (∼5--10 fold reduction) in all FOXA1 expressing NSCLC lines ([Fig. 5](#f0025){ref-type="fig"}A--D). There was a strong correlation between the effect of FOXA1 knockdown on clonogenicity and initial FOXA1 expression and copy number ([Fig. 5](#f0025){ref-type="fig"}C--E). We observed that 3 NSCLC lines (H23, H2009, H1693) in which we did not detect FoxA1 protein expression in the population as a whole ([Fig. 3](#f0015){ref-type="fig"}E), still exhibited inhibition of colony formation by shRNA-mediated FOXA1 knockdown ([Fig. 5](#f0025){ref-type="fig"}C). It is possible that these cell lines are dependent for clonal growth on very low levels of FOXA1 protein, or that a subpopulation of highly clonogenic tumor cells, such as the cancer initiating cell subpopulation, express and are dependent on FOXA1 protein. Several NSCLC lines also provided important controls for the biologic relevance of FOXA1 knockdown. In the first, clonogenicity was only slightly affected (∼20--25%) by knockdown of FOXA1 in the NSCLC line NCI-H661, which harbors focal amplification of *NKX2-1* but not of *FOXA1*. The second was seen in the knockdown of FOXA1 in H1299, a NSCLC line with low levels of FOXA1, which did not exhibit a change in *in vivo* growth rate. Taken together, these data suggest that dependency on FOXA1 follows an mRNA and protein expression level and gene dosage-dependent model of oncogene addiction, where cells with higher FOXA1 copy number and or higher FOXA1 expression exhibit dependency on the gene, while tumor cells expressing lower levels of FOXA1 do not. Overall, high FOXA1 expression or amplification of the 14q13.3--21.1 locus serve as correlative biomarkers for FOXA1 dependency in NSCLC tumors, and this subset of NSCLCs appears therapeutically vulnerable to inhibition of FOXA1.Fig. 5A panel of NSCLC cell lines exhibits differential dependencies on FOXA1. (A) Knockdown of FOXA1 in a panel of cell lines was verified by Q-RTPCR in all cell lines. RQ = relative quantification, internally normalized to GAPDH, calculated from three technical replicates. (B) Proliferation rates after knockdown of FOXA1 as measured by MTS assay, calculated from at least three technical replicates. RP = relative proliferation, normalized to non-targeting control shRNA (shNTC). (C) Representative colony formation assays in a panel of NSCLC cell lines with knockdown of FOXA1. (D) Quantitation of clonogenicity after knockdown of FOXA1. RC = relative clonogenicity, normalized to shNTC, calculated from at least three technical replicates. (E) Relative clonogenicity compared to FOXA1 copy number and FOXA1 Illumina array-based mRNA expression levels.

Characterization of the FOXA1/NKX2-1 cistrome in 14q-amplified lung cancers identifies 223 genes co-regulated by FOXA1 and NKX2-1 in NSCLCs {#s0135}
-------------------------------------------------------------------------------------------------------------------------------------------

To understand the mechanism of FOXA1 vulnerability and explore potential clinical translation applications, we next sought to investigate whether specific signaling pathways may be regulated by FOXA1 in the 14q-amplified context. First, we identified FOXA1 binding sites within the genome using chromatin immunoprecipitation with a FOXA1 antibody followed by massively parallel sequencing (ChIP-Seq) in two NSCLC lines with high FOXA1 copy number: H1819 and H1781. To gain a comprehensive overview of the FOXA1 cistrome in 14q-amplified NSCLCs, we also analyzed a previously published Chip-Seq dataset for FOXA1 in H3122, another NSCLC line with 14q-amplificiation [@b0210]. Intersection of FOXA1-occupied loci in H1819, H1781, and H3122 identified genomic regions in common among all three cell lines, representing ∼42%, ∼13%, and ∼13% of total peaks in each cell line, respectively ([Supplementary Fig. 9](#s0160){ref-type="sec"}A; [Supplementary Table 5](#s0160){ref-type="sec"}). *De novo* motif analysis within these regions identified the Forkhead motif as the most significantly enriched motif (*p* \< 1e−7, [Supplementary Fig. 9](#s0160){ref-type="sec"}B). Other motifs were also identified as significantly enriched at FOXA1 bound sites, including AP-1 and TEA binding sequences. The NKX2-2 binding motif was also found to be significantly enriched at FOXA1 bound sites, which shares a high degree of similarity with the NKX2-1 consensus motif (*p* \< 1e−7, [Supplementary Fig. 9](#s0160){ref-type="sec"}C).

FOXA1 has previously been shown to cooperate with NKX2-1 to regulate expression of NKX2-1 transcriptional targets [@b0215], [@b0220], [@b0225]. To explore the FOXA1/NKX2-1 cistrome in 14q-amplified cells, we analyzed the intersection between genomic regions found to be commonly occupied by FOXA1 in H1819, H1781, and H3122, with NKX2-1 occupied regions from previously published NKX2-1 ChIPs performed in NSCLC lines that harbor 14q amplification: H1819, H3122, H2087 [@b0210], HCC1195, and H661 [@b0230]. The FOXA1 ChIP-Seq datasets were collected using the same antibody, while the studies reporting the NKX2-1 datasets utilized two different antibodies. Importantly, H1819, H1781, H3122, H2087, and HCC1195 all harbor co-amplification of FOXA1 and NKX2-1, while H661 harbors only focal amplification of NKX2-1. Intersection of all NKX2-1 peaks from cell lines harboring co-amplification of FOXA1 and NKX2-1 (H1819, H3122, H2087, and HCC1195) identified 786 loci bound by NKX2-1 in this context ([Supplementary Fig. 10](#s0160){ref-type="sec"}A; [Supplementary Table 6](#s0160){ref-type="sec"}). We then intersected this set with the list of FOXA1-occupied loci and identified 252 genomic regions that are co-occupied by FOXA1 and NKX2-1 in 14q-amplified cells ([Supplementary Fig. 10](#s0160){ref-type="sec"}B). Searching for the nearest genes with a transcriptional start site (TSS) within 10 kb of these peaks identified 223 genes which are potentially co-regulated by both FOXA1 and NKX2-1 ([Supplementary Table 7](#s0160){ref-type="sec"}). Notably this list included *LMO3,* which was previously identified as a NKX2-1/FOXA1 target [@b0210]. Gene set enrichment analysis of Hallmark sets in MSigDB revealed enrichment of genes regulating the NF-kB pathway, UV response, and mTOR signaling, among others ([Supplementary Fig. 10](#s0160){ref-type="sec"}).

In order to investigate whether co-amplification of FOXA1 with NKX2-1 may affect the NKX2-1 cistrome, we then compared NKX2-1 ChIP-Seq data in co-amplified cell lines H1819, H3122, H2087 [@b0210], and HCC1195 [@b0230], to NKX2-1 ChIP data in the cell line H661, which harbors focal amplification of NKX2-1 but not FOXA1 [@b0230]. Intersection of NKX2-1-occupied loci from the focally amplified cell line H661 with the common FOXA1 loci identified in the four co-amplified cell lines revealed only 115 regions in common among all five cell lines, representing only ∼15% of sites that are co-occupied by FOXA1 and NKX2-1 in ([Supplementary Fig. 10](#s0160){ref-type="sec"}C). The overlap of NKX2-1 occupied loci in H661 with NKX2-1-occupied loci in other cell lines ranged from 5-15% of total peaks ([Supplementary Table 8](#s0160){ref-type="sec"}), and the vast majority of peaks identified in H661 (25,101/21,658, or 86%) were unique to that cell line. The only other cell line with a comparably sized unique space was H3122, and this may be due to the unusually large number of peaks called in that cell line. These data suggest that in NSCLCs harboring co-amplification of FOXA1 and NKX2-1, the NKX2-1 cistrome may be markedly divergent from NSCLCs in which only NKX2-1 is amplified.

Identification of a FOXA1 copy number-dependent transcriptional program {#s0140}
-----------------------------------------------------------------------

Next, we investigated whether FOXA1 copy number gain can be correlated with specific transcriptional changes in NSCLCs. Unsupervised clustering analyses of expression data in the NSCLC cell line panel reveal that 14q-amplified cell lines tend to cluster together ([Supplementary Fig. 12](#s0160){ref-type="sec"}A). A comparison of expression profiles in NSCLC lines with high FOXA1 copy number (copy number increases ≥4) to NSCLC lines with normal FOXA1 copy number (copy number increases ≥1.5 and ≤2.5) identified 3025 differentially expressed genes, of which there were 1001 genes with at least 2-fold expression differences (*p* \< 0.05; [Supplementary Tables 9 and 10](#s0160){ref-type="sec"}). Among the upregulated differentially expressed genes, we observed significant enrichment of genes located on chr14q13 (hypergeometric test for positional gene sets in the MSigDB, *p* = 3.9 e−19). A significant portion of the differentially expressed genes also share directional expression with a previously reported expression signature associated with NKX2-1 amplification (89/185 genes; [Supplementary Fig. 12](#s0160){ref-type="sec"}B) [@b0210]. This is expected, given frequent co-amplification of *NKX2-1* and *FOXA1* and correlation of *FOXA1* amplification with expression. We also observed overlap with an epithelial-to-mesenchymal (EMT) gene signature by Byers and colleagues (17/76 genes among upregulated genes, and 3/76 genes among down regulated genes; [Supplementary Tables 9 and 10](#s0160){ref-type="sec"}) [@b0235]. Indeed, nearly all NSCLC lines with high FOXA1 expression are classified as epithelial as assessed by e-cadherin and vimentin protein expression ([Supplementary Fig. 12](#s0160){ref-type="sec"}A). These observations are consistent with prior studies which implicate NKX2-1 and FOXA1 in positively regulating epithelial-specific markers [@b0225], and which correlate NKX2-1 expression in lung tumors with differentiation state [@b0220], [@b0240]. FOXA1 and its related family member FOXA2 have also been previously implicated in epithelial-to-mesenchymal transition in various contexts [@b0245], [@b0250], [@b0255], [@b0260], [@b0265]. However, here we found no evidence of EMT induction after knockdown of FOXA1 in NSCLCs with 14q-amplification, as assessed by changes in E-cadherin and vimentin expression ([Supplementary Fig. 12](#s0160){ref-type="sec"}C). Likewise, comparing gene expression profiles from 14q-amplified tumors in the SPORE lung adenocarcinoma panel (aCGH-based copy number ≥4) to tumors with normal copy number in this region (aCGH-based copy number ≤2.5 and ≥1.5) revealed a gene expression profile with notable overlap to the profile identified in 14q-amplified NSCLC cell lines ([Supplementary Tables 11 and 12](#s0160){ref-type="sec"}). These observations suggest that NSCLCs which harbor 14q (FOXA1 and NKX2-1) amplification may be defined by a transcriptional program that is distinct from tumors without 14q amplification or with only focal amplification of NKX2-1.

We then identified genes which are differentially expressed (DEGs) by RNAseq analyses after FOXA1 knockdown in the cell lines H1781 and H1819, (with FOXA1 copy numbers of 12.5 and 7.5, respectively), and both of which also exhibit dramatic clonal growth inhibition by shRNA-mediated FOXA1 knockdown ([Supplementary Tables 13 and 14](#s0160){ref-type="sec"}). Gene set enrichment analysis (GSEA) on differentially expressed genes in each cell line after knockdown of FOXA1 identified genes involved in electron transport as the top scoring set (NES ≤ −2) enriched in both control samples compared to the FOXA1 knockdown samples ([Fig. 6](#f0030){ref-type="fig"}A). This suggests that reducing FOXA1 expression results in a decrease in cellular respiration and led us to hypothesize that FOXA1-amplified cell lines may be preferentially sensitive to mitochondrial respiratory complex I (NADH:ubiquinone oxidoreductase) inhibition. In agreement with this, we found a positive correlation between high FOXA1 copy number level and sensitivity to phenformin (lower IC~50~) in a panel of NSCLC cell lines (Pearson *r* = −0.76; [Fig. 6](#f0030){ref-type="fig"}B-C; individual dose response curves are shown in [Supplementary Fig. 13](#s0160){ref-type="sec"}, and IC~50~ values are reported in [Supplementary Table 15](#s0160){ref-type="sec"}).Fig. 6Knockdown of FOXA1 in 14q-amplified cell lines reveals a correlation between FOXA1 function and cellular respiration. (A) Top GSEA result for differentially expressed genes after FOXA1 knockdown in both H1819 and H1781, showing enrichment of electron transport gene expression in shNTC control samples as compared to shFOXA1 samples. (B) Representative dose response curves to phenformin treatment, in three 14q-amplified NSCLC cell lines (top panel), and three NSCLC cell lines without amplification (bottom panel). Profileration was measured by MTS, normalized to the lowest dose. Mean values are calculated from 8 technical replicates. Error bars indicate standard deviation. Data were fit to non-linear regression models using three parameters. (C) Overlay of all drug response curves in a panel of 11 NSCLC cell lines (pink = 14q amplified, black = non-amplified). (D) Correlation between FOXA1 copy number and phenformin IC50s, with select cell lines highlighted.

Identification of 29 genes that are direct transcriptional targets of FOXA1 and differentially regulated by FOXA1 knockdown {#s0145}
---------------------------------------------------------------------------------------------------------------------------

Finally, we integrated these transcriptomic and cistromic analyses together by intersecting the list of genes found near FOXA1 peaks in H1819, H1781 and H3122 with genes sharing directional differential expression after FOXA1 knockdown in H1819 and H1781, and compared the overlap to DEGs in 14q-amplified NSCLCs vs. non-amplified and the list of FOXA1/NKX2-1 co-regulated genes. This analysis identified 29 direct FOXA1 targets which share directional expression changes after FOXA1 knockdown in both cell lines, 1 of which was also an NKX2-1 target ([Fig. 7](#f0035){ref-type="fig"}B, [Supplementary Table 16](#s0160){ref-type="sec"}). Thus, these 29 genes represent direct transcriptional targets which may mediate downstream function (MSigDB Hallmark gene sets, [Fig. 7](#f0035){ref-type="fig"}A) in lung cancer cell lines with high FOXA1 expression, for the most part independently of NKX2-1. These 29 genes were submitted to the Drug Gene Interaction database (DGIdb, <http://www.dgidb.org/>) and 13 had drug-related hits that are the subject of future work ([Supplementary Table 17](#s0160){ref-type="sec"}).Fig. 7Intersection of transcriptomic and cistromic characterizations of FOXA1 function identifies transcriptional targets in 14q-amplified NSCLCs. (A) Overlap of MSigDB Hallmark gene sets with genes that are positively regulated by FOXA1 (downregulated after FOXA1 knockdown in H1781; top panel) and negatively regulated by FOXA1 (upregulated after FOXA1 knockdown in H1781; bottom panel). (B) Intersection between differentially expressed genes after knockdown of FOXA1 and FOXA1 targets as identified by Chip-Seq in H1819 and H1781 identifies 29 direct FOXA1 targets. Heatmap values in the first two columns are log2 fold changes in genes with matched directional expression changes in H1819-shFOXA1 and H1781-shFOXA1 that were also identified as FOXA1 targets. Genes identified as FOXA1 targets or both FOXA1/NKX2-1 by Chip-seq analysis are indicated with a purple box. (C) QPCR results showing differential expression of IGFBP3 and THBS1 in response to knockdown of FOXA1. RQ = relative quantification, normalized to GAPDH, calculated from three technical replicates. Error bars indicate the upper and lower limits of the RQ value.

In order to test whether this FOXA1 transcriptional program is maintained in other 14q-amplified lines, we selected two of the 29 putative FOXA1 targets, IGFBP3 and THBS1, and tested for mRNA expression in a panel of NSCLC lines with and without FOXA1 knockdown. We found that expression of IGFBP3 and THBS1 mRNA increased in 14q-amplified NSCLC lines after FOXA1 inhibition, but not in non-amplified NSCLC lines, including NSCLCs where FOXA1 is expressed ([Fig. 7](#f0035){ref-type="fig"}B, C). Providing further specificity, we note that NSCLC lines H661 and H1693, which were not growth inhibited by FOXA1 knockdown, are among those which did not exhibit increased expression of *IGFBP3* and *THBS1* after FOXA1 knockdown. Again, we note that H661 harbors a focal amplification of NKX2-1 (copy number ∼9), but normal copy number levels of FOXA1 (copy number ∼1.9). Even more interesting, we point out as an "experiment of nature" that NCI-H1693 is a NSCLC line derived from the same patient and nearly isogenic with NSCLC NCI-H1819, but derived prior to neoadjuvant chemotherapy treatment, while NCI-H1819 was derived from a tumor sample after neoadjuvant treatment. H1693 does not harbor amplification on 14q while H1819 derived after chemotherapy does. Taken together, these data suggest that FOXA1 acquires a neomorphic function in lung adenocarcinomas when amplified at the gene copy number level.

Discussion {#s0150}
==========

This study sought to identify acquired vulnerabilities to nuclear hormone receptors, their co-regulators, and associated transcription factors in non-small cell lung cancer through the use of parallel *in vitro* and *in vivo* RNAi screening. We reasoned that important cancer vulnerabilities might be identified in the *in vivo* tumor physiological context that might otherwise not be discoverable in tumor cells cultured *in vitro* at high density, on plastic and in nutrient-rich media. We found in a parallel *in vitro* and *in vivo* functional genomics screen that FOXA1 is a key regulator of tumorigenesis in a subset of lung adenocarcinomas. Importantly, FOXA1 may not have been identified in a loss of function screen using standard *in vitro* methods in lung cancer cells, as a FOXA1-dependent growth defect was most pronounced in clonogenicity and xenograft growth assays.

The *FOXA1* locus is located on chromosome 14q, near *NKX2-1*, a lung-specific lineage-survival transcription factor that is also the most frequently amplified gene in lung adenocarcinomas [@b0015], [@b0195]. Recent studies have identified FOXA1 amplification as a unique event in NSCLC evolution, though the extent to which this is separate from NKX2-1 amplification is not yet clear [@b0270], [@b0275]. NSCLC lines harboring 14q amplification are known to require NKX2-1 for survival [@b0200], [@b0280], [@b0285], however the specific role of FOXA1 in NKX2-1-amplified lung adenocarcinomas has not yet been systematically investigated. Co-amplification of NKX2-1 and FOXA1 is observed in 9--11% of lung adenocarcinomas ([Fig. 3](#f0015){ref-type="fig"} and reference [@b0210]), and here we report that NSCLC lines harboring this co-amplification are also dependent on FOXA1 for growth in clonal and *in vivo* xenograft assays. The size of this patient cohort is comparable to patients which harbor EGFR mutation, representing a significant number of patients who may stand to benefit from therapies targeting the biological effects of 14q amplification.

FOXA1/HNF3α is the founding member of the Forkhead box superfamily of transcription factors and belongs to the "pioneer" class of transcription factors. Pioneer factors possesses the unique ability to bind to compacted chromatin and induce an open, permissive state for transcription with cooperating transcription factors [@b0290], [@b0295], [@b0300], [@b0305]. In breast and prostate cancers, FOXA1 is known as a master regulator of steroid response, where it cooperates with ER and AR to globally direct hormone-dependent transcription programs, respectively [@b0310]. FOXA1/2 also interact with ER and AR in the liver, where they are essential for gender-specific occurrences of hepatocellular carcinoma [@b0315]. In our datasets, neither FOXA1 expression nor copy number are highly correlated with ER or AR expression (data not shown). However, several studies have linked FOXA1 function in the lung with NKX2-1, and the two transcription factors are known to be able to physically interact to either positively or negatively regulate NKX2-1 target genes [@b0210], [@b0220], [@b0225].

Previous studies have suggested that NKX2-1 and FOXA1 binding sites share a high degree of overlap in 14q-amplified NSCLC cells [@b0210]. Our integrative analyses of multiple FOXA1 and NKX2-1 ChIP-Seq datasets in 14q-amplified cell lines reveals that the overlap between these two cistromes may be smaller than previously anticipated. Thus, it is possible that a consensus transcription program driven by 14q amplification is defined by a relatively small number of genes. Our analyses across multiple NKX2-1 ChIP-Seq datasets also suggests that the NKX2-1 cistrome in tumors with focal amplification of NKX2-1 may be divergent from the NKX2-1 cistrome in tumors with co-amplification of FOXA1 with NKX2-1. One intriguing interpretation of these results is that the chromatin-opening functions of FOXA1 lead to heterogeneous and divergent effects in different patients when deregulated as a result of gene amplification. It is possible that increased copy number and expression of FOXA1 creates a more permissive transcriptional environment for NKX2-1 and other co-factors, thus inducing a neomorphic, pro-survival transcriptional program that contributes to oncogenesis.

Recruitment of FOXA1 to specific sites may also be dependent on other cis-acting transcription factors besides NKX2-1. In KRAS-driven mouse models of lung cancer, depletion of NKX2-1 results in redirection of FOXA1/2 to other de novo binding sites, and in fact drives gastric differentiation in NKX2-1-negative adenosquamous carcinomas [@b0220], [@b0320]. Our analyses suggest that the neomorphic function of FOXA1 in lung adenocarcinomas with 14q-amplification is at least in part independent of its co-regulatory roles with NKX2-1, as evidenced from the absence of shared binding regions near many FOXA1-regulated genes in 14q-amplified cell lines. De novo motif analyses identified enrichment of other transcription factor motifs near FOXA1 binding sites as well, which warrant further investigation as potential co-regulatory factors by which FOXA1 promotes pro-growth pathways.

The role of FOXA1 in tumorigenesis is known to be complex and highly context-dependent. In ER-positive breast cancer and androgen-dependent prostate cancer, FOXA1 clearly plays a role in driving tumor growth [@b0325], [@b0330]. However, in androgen-independent prostate cancers, FOXA1 appears to be able to play either a pro-growth [@b0335] or anti-metastatic role [@b0265]. Similarly, loss of FOXA1/2 has been shown to be required for the epithelial-to-mesenchymal transition (EMT) in pancreatic cancer cells [@b0245], but more recent studies suggest that FOXA1 may drive metastasis in certain subtypes of pancreatic cancer [@b0340]. In lung cancer, some cell line-based studies have linked loss of FOXA1 expression with EMT [@b0260], [@b0345], while others have implicated FOXA1 as a positive regulator of tumor growth or metastasis [@b0350], [@b0355], [@b0360]. High FOXA1 expression is associated with good prognosis in breast cancer [@b0365], while prognosis in prostate cancer may be context-specific [@b0330], [@b0335], [@b0370], [@b0375]. In lung cancer, one study reported that high FOXA1 expression in lung squamous cell carcinoma is correlated with poor outcome [@b0380]. Intrigingly, high NKX2-1 expression has been shown to correlate with better overall survival in NSCLC [@b0205], [@b0385], however these and other studies have also reported that amplification of NKX2-1 appears to have the opposite effect, correlating with worse prognosis [@b0285], [@b0385], [@b0390]. Given that FOXA1 is frequently co-amplified with NKX2-1, this suggests that in NSCLC, 14q amplification defines a phenotype that is distinctly different from tumors with mere high expression of these transcription factors.

The integrative transcriptomic and cistromic analyses reported here identified 29 genes which are positively or negatively regulated by FOXA1 only in the 14q-amplified context, 13 of which are upregulated by FOXA1 and potentially druggable targets. These findings both identify potential therapeutic targets and suggest that copy number gain at this locus contributes to a neomorphic phenotype in these cells that is distinct from contexts where NKX2-1 and/or FOXA1 are highly expressed through other mechanisms, or where they are expressed at lower levels. Divergence of the NKX2-1 cistrome in cells with co-amplification of FOXA1 with NKX2-1 compared to focal amplification of NKX2-1 suggest that increased copy number of FOXA1 may redistribute the NKX2-1 cistrome towards a distinct neomorphic pro-survival program. While focal amplification of NKX2-1 appears to be sufficient to cause overexpression and dependency on NKX2-1 [@b0195], [@b0200], our data suggest that co-amplification of FOXA1 with NKX2-1 may create a distinct oncogenic program. We also report a correlation between phenformin sensitivity and 14q-amplification in our panel of tested lines, which suggests that amplification of FOXA1 may play a role in regulating cellular respiration in this genetic context. The pharmacological accessibility of these and related pathways warrants further studies into this link to explore potential therapeutic intervention strategies for 14q-amplified NSCLCs.

We focused on a functional analysis of FOXA1 in this report because a clear candidate biomarker for dependency was identified in both the screening cell line and a subset of other lung cancers. However, the other eight candidate *in vivo* genes (*NCOR2, HDAC1*, *RXRA*, *RORB*, *RARB*, *MTA2*, *ETV4*, and *NR1H2*) still represent important candidates for follow-up as potential therapeutic targets. Two of these genes, *HDAC1* and MTA2, are core components of the nucleosome remodeling and histone deacetylase complex (NuRD) and known to play important roles in tumorigenesis [@b0395]. *NCOR2* is also a key regulator of chromatin remodeling through recruitment of histone deacetylase complexes [@b0400]. Additionally, several of the other candidate genes are ligand-associated NHRs and currently under active investigation as drug targets in various cancers [@b0405]. Thus, in future studies it will be important to examine the role of these genes in tumorigenesis and their therapeutic potential in lung cancer.

Taken together, our findings implicate amplification of FOXA1 as an oncogenic change that may cooperate with other transcription factors to regulate tumorigenesis in lung cancer. Although focal amplification of the *NKX2-1* locus (which includes FOXA1 \>75% of the time) is the most frequently observed amplification event in lung adenocarcinomas, currently there are no therapies available that specifically target tumors with this abnormality. We found that 14q-amplified NSCLC lines are preferentially dependent on FOXA1 for *in vivo* xenograft growth, and also *in vitro* colony formation (but not mass culture growth). Thus, our findings confirm the utility of performing dropout screens *in vivo* and provide new insight into the functional consequences of 14q amplification in lung adenocarcinomas.
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